Introduction
Inheritance of insulin-dependent diabetes mellitus (IDDM) is polygenic, and at least one of the genes conferring susceptibility to diabetes is tightly linked to the MHC. Recent studies have suggested that DQB1 of humans and I-A,, of mice are closely associated with susceptibility and resistance to IDDM. For further characterization and localization of the MHClinked diabetogenic gene, we studied the genomic sequence of Insulin-dependent diabetes mellitus (IDDM)' appears to result from autoimmune ,8-cell destruction in the setting of a genetic predisposition (see references 1-3 for reviews). In both man (4) and animal models (5, 6 ) inheritance of IDDM is polygenic, and at least one of the genes conferring susceptibility to diabetes has been mapped in the MHC (4) (5) (6) . Recent studies in Caucasian patients with IDDM suggest that the HLA-DQB1 locus (7) (8) (9) (10) (11) , in particular, amino acid residue 57 ofthe DQB1 chain, is closely associated with both susceptibility and resistance to the disease: DQB 1 alleles with aspartic acid at position 57 provide resistance to IDDM, whereas the absence of aspartic acid at position 57 results in susceptibility to IDDM (12) . No biological information is as yet available, however, on whether the DQB1 gene itself causes diabetes in combination with other susceptibility genes.
A suitable animal model with a similar MHC sequence to that in human IDDM patients is essential for studies on whether the DQB1 sequence is a MHC-linked diabetogenic gene. Nonobese diabetic (NOD) mice develop IDDM secondarily to autoimmune beta cell destruction (13, 14) . Recent breeding studies (6, (15) (16) (17) (18) suggested that the development of diabetes in NOD mice is regulated by at least two, and probably three or more, recessive diabetogenic genes, and that at least one of these is linked to the MHC of the NOD mouse. NOD mice have unique class II MHC molecules with no expression of surface I-E molecules and I-A molecules different from any known I-A characterized so far (6, 16 ). Recent sequence studies ( 19) indicated that unique sequences for NOD mice are located in the first external domain of I-A,6 chain, while other parts of the I-A# chain and the I-Aa chain are identical to those in BALB/c (H-2d) mice. In particular, NOD mice have a unique serine residue at position 57 of the I-A,, chain instead of the aspartic acid residue conserved in other strains. This characteristic of the I-A,0 sequence is the same as that in human IDDM in which amino acid residue 57 of DQB 1, the human homologue of mouse I-AO, is closely associated with susceptibility or resistance to diabetes.
The aim of the present study was further characterization and localization of the MHC-linked diabetogenic gene of NOD mice. For this purpose we analyzed the genomic sequences of the MHC of NOD mice in comparison with those of nondiabetic sister strains and the original strain. In particular, we tried to find the unique class II MHC of the NOD mouse in nondiabetic NOD-related strains.
ping were a 2.1-kb genomic fragment of H-2k encoding the ,2, transmembrane, and intracytoplasmic domains, and a 2.5-kb genomic fragment of H-2d encoding part of the intracytoplasmic domain and the 3' untranslated region. The probes were kindly provided by Dr. J. G. Seidman (Harvard Medical School, Boston, MA).
Polymerase chain reaction (PCR). Genomic DNA was amplified by the PCR with a thermostable DNA polymerase, Taq polymerase (Perkin Elmer Cetus, Norwalk, CT) (21) . Two Analysis with allele-specific oligonucleotide (ASO) probes was performed as follows (12, 26, 27 Methods and 0.5% SDS for 1 h at 37°C, and hybridized overnight at 37°C by the addition of 32P end-labeled ASO probes to the prehybridization mixture. After hybridization the filters were washed first with 6X SSC/0.1% SDS at 30°C for 10 min, and then with 6X SSC/0.5% SDS at 74°C for EA261-21 BALB or at 72°C for EA261-21 NOD (12, 28) , and exposed for 24 h at -70°C.
Direct sequencing ofthe amplified sequences was performed by the triple primer method ofWrischnik et al. (29) mM NaCI were placed in a set of four 1.5-ml Eppendorf microcentrifuge tubes. These mixtures were as follows. dddATP mixture: 0.02 mM dATP, 0.2 mM dCTP, 0.2 mM dGTP, 0.2 mM dTTP, 3.6 mM dideoxy(dd)ATP; dddCTP mixture: 0.2 mM dATP, 0.02 mM dCTP, 0.2 mM dGTP, 0.2 mM dTTC, 1.6 mM ddCTP; dddGTP mixture: 0.2 mM dATP, 0.2 mM dCTP, 0.02 mM dGTP, 0.2 mM dTTP, 2 mM ddGTP; and dddTTP mixture: 0.2 mM dATP, 0.2 mM dCTP, 0.2 mM dGTP, 0.02 mM dTTP, 1.6 mM ddTTP. 5 U of DNA polymerase I Klenow fragment and then primer-template mixture were added to each dddNTP tube, and the reactions were allowed to proceed for 50 min at 50°C. Then 1 ,l of 1 mM solution of the respective dNTP was added to each tube as cold chase solution and the reaction was allowed to proceed for an additional 15 min. The reaction mixtures were then dried and the residues were suspended in 3 ul ofwater, mixed with 3,l of formamide-dye mixture (0.1% xylene cyanol, 0.1% bromophenol blue, 10 mM EDTA, and 95% deionized formamide), and boiled for 3 min. They were then subjected to electrophoresis on 8 M urea/8% acrylamide sequencing gel (30) . The gels were dried and exposed to x-ray film at -70°C for 24 h.
Results
MAb typing of MHC molecules. In previous studies using a panel of MAbs, we found that CTS mice appear to have the same I-A molecules as NOD mice and, like NOD mice, lack surface I-E molecules (16). We therefore studied the MHC molecules ofthe original strain, ICR mice, to see whether these class II MHC molecules were derived from the original strain. Table I shows the result of MHC typing of 10 ICR mice. Of 10 ICR mice examined, one mouse (No. 9) showed the same class II reactivity as NOD and CTS mice. The I-A molecules of the ICR mouse No. 9 reacted with anti-I-A MAb 10-2-16, but not with MKD6, suggesting that I-A of this mouse is the same as that of NOD mice. I-E molecules of this animal did not react with MAb 14-4-4. Since MAb 14-4-4 should react with all MHC haplotypes expressing surface I-E molecules (6, 16, 31) , these data suggest that ICR No. 9 lacked surface I-E molecules as NOD mice do.
Restriction mapping. Studies using three restriction endonucleases (Bam HI, Eco RI, and Hind III) and two genomic probes for the A, gene showed that the restriction maps of the A, gene of the CTS mice and ICR mouse No. 9 were identical to that of NOD mice, while that of NON mice was different (Fig. 3) . These data suggest that the genomic organizations of the Ap gene in CTS mice and ICR mouse No. 9 are the same as that in NOD mice.
PCR. To determine the optimal conditions for the PCR with these particular primers, we examined the effects of different annealing temperatures on the specificity of amplification (Fig. 4) . Samples of 1 gg of genomic DNA from NOD mice were subjected to 25 cycles of the PCR at annealing temperatures at 37, 55, and 60°C. After annealing at 37 (lane 1) and 55°C (lane 2), nonspecific bands were observed in addition to the target sequence at 202 bp, whereas after annealing at 60°C fewer nonspecific bands were visible. Therefore, an annealing temperature of 60'C was used in subsequent exper- 25 cycles of the PCR in comparison with those of control strains, C3H/He (H-2k), C57BL/6 (H-2b), and BALB/c (H-2d). As expected, the DNAs of C57BL/6 and BALB/c mice gave an amplified band at 208 bp, while those of C3H/He and NOD mice showed a band at 202 bp (Fig. 7 A) . Since the five nucleotide substitutions at nucleotides 248-252 in the DNA of NOD mice creates a new restriction site for Dde I at nucleotide 249 (Fig. 8) , amplified sequences were digested with restriction endonuclease Dde I. As expected, the NOD sequence gave two bands at 118 and 84 bp (Fig. 7 B, lane 4) , while the C3H/He, C57BL/6, and BALB/c sequences remained at the original position (Fig. 7 B, lanes  1-3) . When NON, CTS, and ICR No. 9 DNAs were digested with Dde I, the CTS and ICR No. 9 sequences gave the same two bands as DNA of NOD mice (Fig. 7 B, lanes 6 and 7) , while the NON sequence did not (lane 5). These data suggest that CTS mice and ICR mouse No. 9 have the same sequence at nucleotides 248-252 as that of NOD mice, whereas that of NON mice is different.
The I-A, sequences of H-2bd~kqurs haplotypes have a Hae III recognition site at nucleotide 246 (Fig. 8) . The five nucleotide substitutions in NOD mice at nucleotides 248-252 destroy this Hae III recognition site at nucleotide 246 (Fig. 8) .
Since the amplified sequences of the NOD and control strains have a conserved recognition site for Hae III at nucleotide 292 (298 for H-2 bq 'due to a 6-nucleotide insertion; 19, 22-25), Hae III digestion of amplified DNA of the NOD mouse generated bands at 127 and 75 bp (Fig. 7 C, lane 4 ; the 75-bp band is not clearly seen in this figure because of the high background in the low molecular weight region). The amplified sequences of H-2bdk haplotypes have an additional restriction site for Hae III within this 127-bp band at nucleotide 246 (22) (23) (24) (25) , so Hae III digestions ofthe C3H/He (H-2k), C57BL/6 (H-2b), and BALB/c (H-2d) sequences generate smaller bands (75 bp for C3H/He, 81 bp for C57BL/6 and BALB/c) than those of the NOD mouse sequence, and the 127-bp band is not seen (Fig. 7 . C, lanes 1-3) . Hae III digestion of the amplified sequences of NON and CTS mice and ICR mouse No. 9 generated a 127-bp band identical to that of NOD mice (Fig. 7 C, lanes 5-7) , suggesting that, like NOD mice, these strains lack the Hae III recognition site at nucleotide 246. The amplified bands and bands of digestion products in Fig. 7 were confirmed to be target sequences by Southern blot hybridization with the 32p-labeled probe PES202-18. These restriction analyses with Dde I and Hae III indicated that CTS mice and ICR mouse No. 9 have the same recognition sequence for these endonucleases as in NOD mice, and suggested that these mice have the same unique amino acid substitution as NOD mice at amino acid residues 56 and 57. In contrast, NON mice do not have restriction sites for either Dde I or Hae III, indicating that the NON sequence in this region is different from that in NOD mice and control strains of i-2bd kq u s haplotypes. The only possible sequence fitting the restriction site characteristics of NON mice is the H-2' haplotype, which has no restriction site for Dde I or Hae III ( Fig.  8; 25 ).
ASO slot blot analysis. Fig. 9 shows a slot blot of amplified DNA hybridized with 32P-labeled ASO probes for the NODspecific sequence (lane A) and BALB/c-specific sequence (lane B). As expected, the NOD sequence hybridized with the NOD probe but not with the BALB/c probe (sample 1), whereas the BALB/c sequence hybridized with the BALB/c probe but not with the NOD probe (sample 2). The FI(NOD X BALB/c) sequence hybridized with both probes (sample 3). The NON sequence did not hybridize with either probe (sample 4), suggesting that this sequence differed from both the NOD sequence and the conserved sequence of H-2 bd k q u s haplotypes at around amino acid residue 57. This is consistent with the results of restriction site analysis (Fig. 7) analyze the I-A, sequences of NOD-related strains. Because the specificity and yield of amplified products were high, we could examine amplified sequences by simple restriction site analysis without using radioactive probes. As shown in Fig. 7 , CTS mice were found to have the same unique I-An sequence as NOD mice. These results were further confirmed by hybridization with ASO probes (Fig. 9) and direct sequencing. Since CTS mice showed the same restriction map in the At region as NOD mice (Fig. 3) (12) and BB rats (34, 35) . In all species, the class II MHC sequences associated with IDDM are also found in nondiabetic controls.
The PCR procedure is very useful for amplification and analysis ofa sequence of interest, but it has several limitations. First, only relatively short sequences can be analyzed successfully. Judging from our experience and previous reports (21) , sequences of up to 2 kb can be amplified efficiently, but the efficiency ofamplification and yield ofproducts decreases with the length of the sequence. Second, misincorporation of bases occurs during the PCR reaction, although at very low frequency (2 X 10-4/nucleotide per cycle) (21) . The small fraction of misincorporated bases does not affect the analysis by restriction site analysis, hybridization with ASO probes, or direct sequencing because a large amount of PCR products is used for the analysis. However, these errors may be critical when individual amplification products are cloned and sequenced. Therefore, several independent clones should be sequenced.
CTS mice and the ICR mouse No. 9 had the same potentially diabetogenic class II MHC as NOD mice, but they did not have diabetes. These data suggest the following three possibilities with regard to the MHC-linked diabetogenic gene of NOD mice. First, CTS mice and the ICR mouse No. 9 did not develop diabetes because they lacked a non-MHC gene(s) that is also necessary for diabetes. Second, the class II region may not be the only MHC-linked region determining susceptibility to diabetes, whole MHC of the NOD mouse being necessary for the development of diabetes. Third, the MHC-linked diabetogenic gene may not be a histocompatibility gene, but another gene or gene complex closely linked to the MHC region. These possibilities can be tested by breeding studies in crosses of NOD with CTS mice and selected ICR mice.
In summary, the unique class II MHC of NOD mice was found in a sister strain, CTS mice, and one mouse in the original ICR strain. These data suggest that the unique class II MHC of NOD mice is not the result of a recent mutation, but was derived from the original ICR strain. Class I MHC of CTS mice differs from that of NOD mice in both the K and D regions, so CTS mice are a naturally occurring recombinant strain with NOD type class II MHC and non-NOD type class I MHC. This strain should, therefore, be useful in breeding studies for determination of the MHC-linked diabetogenic gene.
